more scientists because of its greater industrial application potential in, for example, anti-icing of aircraft wings and protecting high voltage transmission lines from freezing rain.
A water droplet impacting on a superhydrophobic flat surface often spreads first, then recoils and finally completely leaves the surface. The contact time of a water droplet on a superhydrophobic surface is independent of the impact velocities but depends on the volume of water droplet, which means the contact time is constant for a certain volume of water droplet. 17 However, very recently, researchers observed that the contact time was also affected by the surface texture and under ideal conditions, a rapid droplet detachment was promoted and realized. Bird et al. reduced the contact time by adding a superhydrophobic microscope ridge with height of ~180 μm on the superhydrophobic flat surfaces. 18 When water droplets impacted on the ridge at high enough impact velocity, the droplet broke up and split into smaller ones, which redistributed the volume and altered the droplet hydrodynamics. The overall contact time was reduced by ~37% compared with that in the non-splitting condition. Gauthier et al. further studied the influence of microscope ridge size, impact velocity, and droplet volume on bouncing dynamics. 19 The contact time showed a step-like variation with impact velocity and was reduced by ~44% without splitting. Liu et al. studied the droplet impinging on the macroscopic cylindrically curved surfaces. 20 The water droplet impinging on cylindrical convex surfaces exhibited symmetry breaking and asymmetric bouncing dynamics with a contact time reduction of ~40%. Although the aforementioned surface textures can reduce the contact time effectively, it is not suitable for practical applications, for example, most rain droplets will not touch a single strip-like texture. In 2014, Liu et al. observed pancake bouncing on the superhydrophobic submillimeter-scale pillar arrays with the contact time reduced by ~80%. 21, 22 This pillar arrays can ensure that all water droplets touch the surface texture and quickly detach from the substrate.
This makes these surfaces suitable for practical applications, such as anti-icing of aircraft wings in the freezing rain environments. The pillar diameter and height designed by Liu were 20~100 μm and 800~1200 μm, respectively, which was fabricated by electric spark cutting. However, the processing efficiency of electric spark cutting for those pillar arrays was rather low, 23 furthermore the pillar arrays with such small diameter and large height-diameter-ratio were also difficult for large-area fabrication by using traditional or nontraditional processing methods.
Mold replication technology, including casting and thermal extrusion, is widely considered as one of the most effective methods to fabricate large-area superhydrophobic surfaces because of its high efficiency, low cost, and easy operation. [24] [25] [26] [27] [28] However, it is very difficult to lift the replicated pillar arrays with diameter <100 μm and height-diameter-ratio >10 off from the mold even when using perfluoro monolayer and water-soluble sacrificial layer to reduce the adhesion between the replica and the mold. 29 Here, we explored if pancake bouncing of water droplet can occur on the pillar arrays with a larger diameter and smaller height-diameter-ratio by adjusting the dimension of the superhydrophobic pillar arrays. We were surprised to find that the typical pancake bouncing with a 57.8% reduction in contact time was observed on the superhydrophobic pillar arrays with 1.05 mm diameter and 0.8 mm height. Pillar arrays with such large diameter and small height-diameter-ratio can be easily and completely lifted off from the mold without any adhesion-reduction modification. Based on this, we then developed a simple replicationspraying method to realize the large-area fabrication of the superhydrophobic pillar arrays. In the dimension optimization process, we found that the contact time was rather sensitive to the space between the pillars. Combined with a shape memory polymer (SMP), the control of the contact time, bouncing shape, horizontal bouncing direction, and the reversible switch between pancake bouncing and conventional bouncing was achieved by adjusting the inclination angle of pillars which also adjusting the space.
RESULTS AND DISCUSSION
Dimension optimization of superhydrophobic pillar arrays for pancake bouncing Figure S1 ). On this surface, water droplet spread laterally along the horizontal direction and penetrated longitudinally into the space between the pillars but finally detached from the surface as pancake bouncing with Q of 0.98 and total liquid-solid contact time of 7.9 ms (Figure 1 (f) and Video S2). The formation mechanism of the pancake bouncing on the superhydrophobic pillar arrays is that the kinetic energy of a water droplet is stored as surface energy during the downward processes and then surface energy is converted back into kinetic energy to push the droplet back out of the surface during the upward processes in the whole liquid-solid contact processes. 21, 22, 30, 31 Although the superhydrophobic pillar arrays for pancake bouncing with short liquid-solid contact time has application prospects in anti-icing, self-cleaning, and stay-drying, the pillars with small diameter and large height-diameter-ratio are difficult to be large-area fabricated, seriously hindering the practical applications of the pancake bouncing surfaces. Thus, the dimension of the superhydrophobic pillar arrays for pancake bouncing need to be optimized to be suitable for large-area fabrication. We next studied the influence of dimension of the superhydrophobic pillar arrays on the contact time tcontact and Q. The pillar height was kept constant at 1 mm for the storage of adequate capillary energy. 21 The volume of water droplet used in here was 17.9 μL. In order to fabricate the mold more easily and the replicated pillars could be lifted off completely, the diameter and space between the pillars should be as large as possible. We also studied the influence of We on the contact time and Q and tried to find the critical smallest We for pancake bouncing. Figure 3 shows For the superhydrophobic pillar arrays with small diameter, Liu et al. pointed out that pancake bouncing is rather insensitive to the pillar height. 21 In their experiment, for D = 0.1 mm, H from 0.5 mm to 1.2 mm is feasible for pancake bouncing. The similar law was found for large diameters studied here. We also studied the influence of the volume of water droplet on the bouncing shape. Figure   5 (a) and Figure S3 show the variation of Q and droplet shape at the detachment moment with the droplet volume on the superhydrophobic pillar arrays with D = 1.05 mm and S = 0.25 mm at
We=13.3. The water droplets with volume ≥ 13.9 μL shows the pancake bouncing with Q > 0.8.
However, the conventional bouncing was present for water droplets with volume < 13.9 μL, which means the water droplets with volume < 13.9 μL cannot obtain pancake bouncing on the superhydrophobic pillar arrays with D = 1.05 mm and S = 0.25 mm. Obviously, the pancake bouncing is affected by the droplet volume. Then, we studied the critical pillar diameter suitable to obtain pancake bouncing for water droplet with different volume. We found that the largest diameter to form pancake bouncing increased with the increase of the droplet volume. The largest diameter to form pancake bouncing for 7.9 μL, 11 μL, 13.9 μL, and 17.9 μL water droplet are 0.55 mm, 0.82 mm, 1.05 mm, and 1.25 mm, respectively. Since one of the important application prospects of the droplet pancake bouncing surface is
anti-icing, we tested the bouncing phenomenon of cold water droplet on the superhydrophobic pillar arrays. Figure S4 shows the bouncing processes of water droplets with temperature of 1 °C and 5 °C on the superhydrophobic pillar arrays with D = 1.05 mm, S = 0.25 mm, and H= 0.8 mm at We=13.3. The droplets shows a typical pancake bouncing with tcontact～8.5 ms, indicating possible application in the freezing environment.
Large-area fabrication of superhydrophobic pillar arrays
Since the height-diameter-ratio of the superhydrophobic pillar arrays for pancake bouncing can be smaller than 1 and the diameter of the pillar arrays can be larger than 1 mm, these kinds of pillars can be easily replicated and lifted off completely from the mold without any damage to the mold. We developed two kinds of replication methods, casting and thermal extrusion, to fabricate the superhydrophobic pillar arrays. 
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Therefore, the dimension optimized superhydrophobic pillar arrays for pancake bouncing can be easily and economically large-area fabricated on polymer substrate, which could promote the practical application of the water droplet pancake bouncing surface. It's also worth noting that no sacrificial layer was needed to reduce the adhesion in the replication processes because of small height-diameter-ratio. Figure 6 (m), 6(n), Figure S5 , and Video S4 show the large-area mold and large-area water droplet pancake bouncing surface with size of 150 mm × 100 mm × 20 mm which was obtained by extrusion-replication-spraying. The replication-spraying method can also be easily extended to the large-area fabrication of the metal superhydrophobic pillar arrays. 
Control of bouncing state
In the dimension optimization process, we found that the contact time was sensitive to the space between the pillars, as shown in Figure 2 sin( arctan ) sin( arctan ) sin cos arctan ( cos ) sin arctan cos( arctan ) cos( arctan ) 
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According to Equation (1), (3) and (4), for α = 32° and 42°, (S1, S2) are (0.21 mm, 0.12 mm) and (0.27 mm, 0.20 mm), respectively, and pancake bouncing was observed. For α = 54°, (S1, S2) is (0.32 mm, 0.28mm), no pancake bouncing was seen. The space suitable to induce pancake bouncing is in good agreement with Figure 2(a) . Therefore, the contact time and bouncing shape at the detachment moment can be controlled by adjusting the inclination angle. The relationship between tcontact, S1, S2 with α is shown in Figure 7 
CONCLUSION
In summary, we have systemically studied the influence of dimension of the superhydrophobic pillar arrays on the contact time and bouncing shape of impacting water droplets. It is revealed that the contact time was affected by space, pillar diameter, and pillar height. For water droplet with volume of 17.9 μL, when the space ≤ 0.25 mm, pillar diameter ≤ 1.25 mm, and pillar heights between 0.6 to 1.0 mm, the pancake bouncing phenomenon was observed, that is pancake bouncing is present on the superhydrophobic pillar arrays with diameter > 1 mm and height-diameter-ratio < 1. We also studied the influence of We on the contact time. When the pillar diameter ≤ 1.05 mm, pancake bouncing can be obtained over a larger region of We which is ≥ 5.5. Then, we developed a simple replication-spraying method to large-area fabricate the superhydrophobic pillar arrays for pancake bouncing. Since the height-diameter-ratio of the pillars was smaller than 1 and the diameter of the pillars was larger than 1 mm, the pillars were easily replicated and lifted off completely from the mold without the use of a sacrificial layer and any damage to the mold. Since the contact time was rather sensitive to the space between the pillars, based on the special memory ability of the shape memory polymer, we realized that the control of the contact time, bouncing shape, horizontal bouncing direction and reversible switch between pancake bouncing and conventional bouncing by reversibly adjusting the inclination angle of the pillars. This work resolved the problem that the pancake bouncing surface is difficult to achieve over large-area fabrication. This will promote the practical applications of the pancake bouncing surface.
EXPERIMENTAL SECTION

Fabrication of superhydrophobic pillar arrays for dimension optimization
The through hole arrays with different diameter and space were first drilled on the Al plate with a thickness of 1 mm by a precision micro-drilling-milling machine to form an Al mold which was then washed with 0.4 mol/L aqueous hydrochloric acid solution followed by rinsing with deionized water. The pre-polymer of the shape memory polymer (SMP) was formed by mixing bisphenol A diglycidylether (Alighting co., Shanghai), n-octylamine (Alighting co., Shanghai), and m-xylylenediamine (Alighting co., Shanghai) in a mass ratio of 4:2:1 which was poured onto the Al mold with the downside covered with a plastic plate. This was baked at 60 ºC for 2 h followed by 100 ºC for 1 h. Then, the Al mold filled polymer was immersed in the 4 mol/L aqueous hydrochloric acid solution to dissolve the Al and obtain the pillar arrays. The pillar arrays were rinsed with deionized water and dried. Then, the whole polymer sample was treated using a commercial spray (Never Wet) consisting of hydrophobic nanoparticles dispersed in acetone. After solvent evaporation, the superhydrophobic pillar arrays were obtained. The schematics of the fabrication processes are shown in Figure S8 .
Characterization
The morphologies of the samples were characterized using a scanning electron microscope (SEM, JSM-6360LV, Japan) at an accelerating voltage of 10 kV. The wettability was characterized using an optical contact angle meter (Krüss, DSA100, Germany) by measuring the advancing, receding and apparent contact angles of water droplets with volume of 10 μL at ambient temperature. 34, 35 Advancing, apparent, and receding angles were 165°±3°, 162°±1°, and 158°±3°. The dynamic bouncing processes of water droplets on the superhydrophobic pillar arrays were studied using a Phantom Fastcam SA5 high-speed camera (8000 frame/s). Water droplets with volume of 17.9 μL were dropped from a height of 30 mm (tip to surface) using a micro-syringe at ambient temperature. Pancake bouncing was defined as the ratio (Q) of the lateral extension diameter of water droplet when it detaches from the surface (djump) and the maximum lateral extension diameter of water droplet in the jumping processes (dmax) larger than 0.8, that is Q = (djump/dmax) > 0.8, 21, 36 as shown in Figure S9 . The Weber number We is defined as We = ρv 2 r0/γ, where ρ, v, r0, and γ relate to the density, impact velocity, radius and surface tension of water droplet, respectively.
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